A comparative spectroscopic study is performed on Er 3+ ͑4f
͒ ions doped in polycrystalline ceramic garnet Y 3 Al 5 O 12 ͑YAG͒ and single-crystal laser rod, both containing nominal 50 at. % of Er 3+ . The standard Judd-Ofelt ͑JO͒ model is applied to the room-temperature absorption intensities of Er 3+ ͑4f
11
͒ transitions in both hosts to obtain the phenomenological intensity parameters. These parameters are subsequently used to determine the radiative decay rates, radiative lifetimes, and branching ratios of the Er 3+ transitions from the upper multiplet manifolds to the corresponding lower-lying multiplet manifolds 2S+1 L J of Er 3+ ͑4f 11 ͒ in these garnet hosts. The emission cross sections of the intermanifold Er 
I. INTRODUCTION
There has been considerable interest in recent years in high-power, high-energy eye-safe lasers operating near 1.5 µm that would offer applications, including range finding, flash lidar, and other remote-sensing possibilities. Eye-safe laser wavelengths can be achieved from Yb 3+ -sensitized Er 3+ lasers. 1 Lippert et al. 2 have demonstrated the eye-safe wavelength in Er 3+ :LuAG with the high brightness of fiber laser pumps in conjunction with the efficient resonant pumping of bulk crystals having no sensitizing dopant ions. Recently, Young et al. 3 have reported a resonantly fiber-laser-pumped Er 3+ :yttrium aluminum garnet ͑YAG͒ laser that operates at 1.645 µm, having an optical efficiency of 43% and an incident slope efficiency of 54%, and emitting an average power of 7.0 W. At the Er 3+ concentration of 50 at. % in ceramic YAG reported in this study, and due to diode pumping, the up-conversion mechanism results in spontaneous emission from 4 I 11/2 to 4 I 13/2 ͑2.94 µm͒. This wavelength also offers numerous applications that are presently being explored.
Trivalent erbium Er 3+ ͑4f 11 ͒ has long been considered an important activator or sensitizer in many mid-infrared solidstate lasers. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] The coherent emissions at visible wavelengths can also be achieved from Er 3+ through energy upconversion mechanisms in cladded fibers of glasses and single crystals. [17] [18] [19] [20] [21] [22] A detailed analysis of the crystal-field energy-level structures has been performed by Gruber et al. on Er 3+ in different garnet hosts. 23 Although there has been significant research on the spectroscopic and laser characterization of Er 3+ in single-crystal YAG, little work has been performed on Er 3+ in ceramic YAG. Sekita et al. 24 have, however, reported that peak transition energies of Er 3+ in ceramic YAG are comparable to those of Er 3+ in singlecrystal YAG.
In this article, we present a comparative Judd-Ofelt ͑JO͒ 25,26 analysis of ͑4f 11 ͒ in polycrystalline ceramic YAG and single-crystal YAG. We also report the room-temperature emission cross sections of the Er 3+ 4 I 13/2 → 4 I 15/2 intermanifold transition as well as the peak-emission cross section of the principal inter-Stark transition Y 1 → Z 4 ͑1550 nm͒ within the corresponding multiplet manifolds in both samples. Finally, the spectroscopic properties of Er 3+ ͑4f
11
͒ in polycrystalline ceramic YAG and single-crystal laser rod are compared at room temperature.
II. EXPERIMENTAL METHODS
A spectroscopic sample of polycrystalline ceramic Er 3+ :YAG was obtained from Quarles at VLOC. 27 The sample was a half disc having a diameter of 15.5 23 . The spectrum was obtained at 0.2-nm intervals and the spectral bandwidth was automatically maintained at about 0.05 nm for measurements below 900 nm and about 0.1 nm for measurements above 1000 nm. However, between 900 and 1000 nm the detectors used by the spectrometer are relatively insensitive and the automatically adjustable slit width can therefore result in a larger bandwidth.
The room-temperature fluorescence spectra for the 4 I 13/2 → 4 I 15/2 transition from both samples were taken between 1400 and 1700 nm by exciting the samples with the 514.5-nm Spectra Physics argon-ion laser ͑model 2005͒. The fluorescence spectra were analyzed by a SPEX scanning monochromator ͑model 340E͒ equipped with a 600-grooves/mm grating blazed at 1.0 µm. The signals were detected by a liquid-nitrogen-cooled germanium detector. The spectral resolution was better than 0.2 nm in all measurements and the wavelength reproducibility of the monochromator is less than 0.01 nm. A desktop computer was employed to control the monochromator and to acquire and analyze the data. The room-temperature fluorescence spectra for both samples are shown in Fig. 3 .
The fluorescence lifetimes of the excited states of Er 
III. DATA ANALYSIS

A. Judd-Ofelt analysis
Ten absorption bands in the room-temperature absorption spectra were chosen to determine the Judd-Ofelt intensity parameters for the corresponding Er 3+ ͑4f
11
͒ transitions in ceramic and single-crystal YAG samples. Since the JuddOfelt theoretical analyses have been applied to the spectroscopic investigation of rare-earth ions by many researchers, [28] [29] [30] [31] [32] [33] [34] [35] [36] we only provide a short synopsis appropriate to the analysis of Er 3+ transitions in ceramic and crystalline YAG hosts.
The measured line strengths S meas ͑J → JЈ͒ of the chosen bands are determined using the following expression:
where J and JЈ represents the total angular momentum quantum numbers of the initial and final manifold states, respectively; N 0 is the Er 3+ ion concentration; is the mean wavelength of the specific absorption band that corresponds to the J → JЈ intermanifold transition; n is the wavelengthdependent refractive index; ⌫ = ͐␣͑͒d is the integrated absorption coefficient as a function of ; c is the speed of light; and h is Planck's constant. The Lorentz factor ͓9/͑n 2 +2͒ 2 ͔ in Eq. ͑2͒ represents the local field correction for the ion in the dielectric medium. For these and other calculations in this article, the index of refraction n͑ ͒ is calculated using the Sellmeier's dispersion Eq. ͑1͒. The mean wavelengths, integrated absorption coefficients, and indices of refraction are given in Table I . The Judd-Ofelt theory predicts the absorption line strength for the transition between J and JЈ manifolds and may be written in the following form:
where ͗ʈU ͑t͒ ʈ͘ is the doubly reduced matrix element of rank t ͑t =2, 4, 6͒ between the initial and terminal states, characterized by the quantum states ͑S , L , J͒ and ͑SЈ , LЈ , JЈ͒, respectively. The squared matrix elements are independent of the crystal host. We have used the values of the squared reduced matrix elements for the chosen Er 3+ bands from Ref. 37 . The values of the measured absorption line strengths, S meas are tabulated in Table I . A least-squares fitting of S meas to S calc provides the three JO parameters for Er 3+ in ceramic and single-crystal YAG, and these values are given in Table II .
The spectroscopic quality factor, X = ⍀ 4 / ⍀ 6 , for the ceramic Er 3+ :YAG laser material is determined to be 0.448, which falls within the range of 0.126-3.372 for Er 3+ in different hosts given in Kaminskii. 37 The spectroscopic quality factor of ceramic Er 3+ :YAG is similar to that of of singlecrystal Er 3+ :YAG. The three JO parameters and the spectroscopic quality factors of Er 3+ in ceramic and single-crystal 38 YAG are compared in Table II . The values of the intensity parameters are subsequently used to recalculate the transition line strengths of the absorption bands using Eq. ͑3͒. The calculated absorption line strengths S calc are tabulated in Table I . A measure of the accuracy of the fit is given by the rms deviation
where ⌬S = S calc − S meas is the deviation, q is the number of spectral bands analyzed, and p is the number of the parameters sought, which in this case is three. The values in Table  I 
The sum in the denominator of Eq. ͑6͒ is taken over all terminal states JЈ. The radiative decay rates for the Er 3+ transitions in ceramic YAG are determined by using Eq. ͑5͒; these values are given in Table III . The values of the radiative decay rates are added to obtain the total radiative rates for the 4 I 13/2 , 4 I 11/2 , 4 I 9/2 , 4 F 9/2 , 4 S 3/2 , 2 H 11/2 , 4 F 7/2 , and 2 G 9/2 manifold states. The radiative lifetimes of these levels are determined by using Eq. ͑6͒ and are given in Table IV. The fluorescence branching ratios ␤͑J → JЈ͒ are determined from the radiative decay rates by using the following expression:
where the sum runs over all terminal manifold states JЈ. The values of the branching ratios for Er 3+ transitions in ceramic YAG are given in Table III .
B. Emission cross sections
The room-temperature emission cross section of the 4 I 13/2 → 4 I 15/2 intermanifold transition of ceramic Er 3+ :YAG can be obtained using the following equation:
where is the wavelength at the peak emission, is the wave number, ␤͑J , JЈ͒ is the fluorescence branching ratio for the transition from the upper manifold J to the lower manifold JЈ, j is the radiative lifetime of the excited manifold 4 I 13/2 , and g͑͒ is the line-shape function. The line-shape function is obtained from the fluorescence spectrum using the following expression:
where I͑͒ is the intensity at . The line-shape function for the 4 I 13/2 → 4 I 15/2 intermanifold transition can be determined by dividing the peak intensities I͑͒ by the integrated areas of the respective fluorescence spectrum. The value of g͑͒ obtained from Eq. ͑9͒, along with the values of radiative lifetime, intermanifold branching ratio, , and n, were applied to Eq. ͑8͒ to determine the emission cross section for the Er 3+ 4 I 13/2 → 4 I 15/2 transition; this value is compared with those of other laser hosts 39, 40 in Table V . The peak-emission cross section is one of the most important parameters for laser design because it describes the maximum spatial amplification of emission intensity. Therefore, the peak-emission cross section of the principal interStark transition Y 1 → Z 4 ͑1550 nm͒ 41 within the 4 I 13/2 → 4 I 15/2 intermanifold transition has been determined by the following expression:
where p is the wavelength at the peak position of the emission band, c is the speed of light, and ⌬ is the full width at half of the maximum ͑FWHM͒ intensity. The FWHM of the Y 1 → Z 4 ͑1550 nm͒ transition at 300 K was found to be 1.31 cm −1 . The radiative probability of the inter-Stark transition Y 1 → Z 4 can be determined by using Eq. ͑11͒:
where ⌬ is the difference in energy between the Stark levels Y 1 and Y 2 of the 4 I 13/2 multiplet manifold, k is the Boltzmann constant, T is the absolute temperature, which is 300 K in this case, ͑ 4 I 13/2 ͒ is the radiative lifetime of the 4 I 13/2 level, ␤͑Y 1 → Z 4 ͒ represents the branching ratio for the corresponding inter-Stark transition, and ␤͑ 4 I 13/2 → 4 I 15/2 ͒ is the branching ratio for the respective intermanifold transition. The branching ratio for the inter-Stark transition was determined by comparing the area encompassed by the inter-Stark transition to the total area of the intermanifold transition. The ⌬ value for the difference between the Stark components Y 1 and Y 2 within the 4 I 13/2 manifold of ceramic Er 3+ :YAG is 50.0 cm −1 ; this value is taken from Gruber et al. 41 From the room-temperature fluorescence data, we find ␤͑Y 1 → Z 4 ͒ = 0.373. The constants c and k have their usual values. Substituting the values for the intermanifold branching ratio and radiative lifetime and the values of ⌬, p , ⌬, and n in Eq. ͑10͒ yields the peak-emission cross section of the inter-Stark transition at 1550 nm. The peak-emission cross section of Table V .
IV. SUMMARY
An in-depth spectroscopic analysis of Er 3+ ͑4f
11
͒ in a ceramic YAG host has been performed following the JuddOfelt model. The three phenomenological intensity parameters ⍀ 2 , ⍀ 4 , and ⍀ 6 are determined for ceramic Er 3+ :YAG. From the values of the Judd-Ofelt intensity parameters, the spectroscopic quality factor X = ⍀ 4 / ⍀ 6 for Er 3+ in a ceramic YAG host is determined to be 0.448, which is about the same as that of the Er 3+ :YAG single-crystal rod. The spectroscopic quality factor is an important predictor for stimulated emission in a laser-active medium. 43 The branching ratio is a critical laser parameter because it characterizes the possibility of attaining stimulated emission from any specific transition. The emission cross section of the intermanifold transition 4 :YAG can be attributed to the concentration effect, where the energy up-conversion and cross-relaxation mechanisms become increasingly important. The heavily doped ceramic Er 3+ :YAG can therefore be considered as an excellent contender for a 2.94-µm laser system as well.
The peak-emission cross section of the principal interStark transition Y 1 → Z 4 ͑1550 nm͒ within the 4 I 13/2 → 4 I 15/2 multiplet intermanifold transition for ceramic Er 3+ :YAG is found to be ten times larger than that of the cross section of the respective intermanifold transition. It is important to note that both the intermanifold emission cross section and the peak-emission cross section of the principal inter-Stark transition between the corresponding multiplet manifolds 2S+1 L J of Er 3+ ͑4f
͒ in ceramic YAG are significantly higher than those of Er 3+ doped in single crystals: YAG and YSGG, as well as glass hosts.
Therefore, with the branching ratio of 100%, the high quantum efficiency of about 26%, and higher emission cross sections, the heavily doped ceramic form of Er 3+ :YAG may be an excellent alternative to the single-crystal rod for applications such as a near-infrared solid-state laser system.
